Abstract-Zeeman spatial neutron beam splitting is considered upon reflection from a homogeneous magnetic film placed in an external magnetic field applied at an angle to the surface of a sample. Two ways of applying the Zeeman beam-splitting phenomenon in polarized neutron reflectometry are discussed. One of them is the construction of polarizing devices with a high polarization efficiency. The other is investigations of magnetically noncollinear films at a low spin-flip probability of reflected neutrons. The experimental results are presented for illustration.
INTRODUCTION
At present, polarized neutron reflectometry (PNR) is widely used to study thin magnetic films and multilayer structures [1] . The standard scheme of an experiment using a polarized neutron reflectometer consists of the following principal elements: a polarizer, a spin-flipper placed before the sample, the studied sample, a second spin-flipper placed after the sample, a polarization analyzer, and a detector. The neutron intensity recorded by the detector consists not only of the desired signal, characterizing the reflection of neutrons at the sample, but also of background that exists due to imperfection of the setup elements. To suppress the background, it is necessary to enhance the efficiency of the polarizing devices.
To increase the polarizing efficiency, we suggest a new method based on the Zeeman spatial splitting of a neutron beam reflected from a magnetic film whose magnetization is noncollinear to the external field. If the external field is high, then neutron beams, reflected non specularly with "+-" and "-+" spin flipping, can be well-separated in space from those "++" and "--" reflected specularly without spin flipping. Then, in the case when we are interested in processes with neutron spin flipping, the required signal can be well-separated from other processes considered as background, since we are not interested in them.
In this paper, Zeeman spatial beam splitting is used as a method for efficient neutron polarization and the investigation of magnetic films. The experiments were performed with the use of a polarized neutron reflectometer at the Frank Laboratory of Neutron Physics of the Joint Institute for Nuclear Research (FLNP JINR).
ZEEMAN BEAM SPLITTING
The Zeeman spatial splitting of a neutron beam occurs as neutrons are reflected and refracted at the interface of two magnetically noncollinear media. This phenomenon was predicted theoretically [2] and observed experimentally in reflection [3] [4] [5] and refraction [6] [7] [8] [9] geometry. Beam splitting was also registered in the cases of reflection from the domain structure of magnetic films [10] [11] [12] , from superlattices with internal magnetic anisotropy [13] [14] , and from magnetic films with clusters [15, 16] . The spatial beam-splitting phenomenon was used to directly determine the value of the magnetic induction in magnetically noncollinear media [17] [18] [19] and to study magnetically noncollinear media themselves.
Let us briefly consider a scheme of the spatial beam-splitting experiment. Its more detailed description is given in [17] . Figure 1 shows schematically the geometry of the experiment for neutron reflection and transmission through a magnetic film with the magnetic induction B, deposited onto a nonmagnetic substrate with the nuclear potential U. The film is placed in an external magnetic field of H ≈ 10 kOe, lying in the (y, z) plane and directed at the angle α to the sample surface. The sample surface coincides with the KOZHEVNIKOV et al. (x, y) plane. A neutron beam, polarized along the external field direction ("+") or in the opposite one ("-") is incident on the film surface at a small grazing angle θ 0 . The grazing angle of the reflected beam is θ. Specular reflection occurs at θ = θ, and nonspecular reflection, at θ ≠ θ 0 . The spin-flip probability W ~ sin 2 χ depends on the angle χ between vectors of the external magnetic field H and internal magnetic induction B [2, 20] , which was confirmed experimentally in [6, 21] .
Let us consider only the case of reflection. Let the wave vector of an incident neutron with arbitrary polarization be k 0 = k 0 (cosθ 0 , 0, sinθ 0 ). Then, the wave vector of a specularly reflected neutron without spin flip is k r = k 0 (cosθ 0 , 0, -sinθ 0 ); the wave vector of a nonspecularly reflected neutron is k ± = k 0 (cosθ 0 , 0,
k are the absolute value of the potential energy of interaction between a neutron and a magnetic field; m is the neutron mass; and μ is the neutron magnetic moment. The component k +z corresponds to the reflection of neutrons with spin flip from the initial state "+" along the external magnetic field H to the final state "-" opposite to H. In Figs. 1b and 1c, such a transition is denoted as "-+". The component k -z corresponds to reflection with spin flip from the initial state "-", opposite to the external field H to the final state "+" along H. In Fig. 1c , such a transition is denoted as "+-". The change in the grazing angle Δθ ± after reflection can be found from the relation
In the case of thermal neutrons with a wavelength of λ = 1.8 Å, the values of angles θ 0 and θ ± = θ 0 ± Δθ ± have an order of magnitude of 10 -2 ; therefore, expression (1) can be represented as
where β = and, since for thermal neutrons β~ 10 -5 , (2) can be represented in the form
If < β, then Δθ -is a complex quantity, so the "+" reflection at such small grazing angles θ 0 does not occur.
EXPERIMENTAL
The experiments were carried out at the IBR-2 reactor (Frank Laboratory of Neutron Physics of the Joint Institute for Nuclear Research), using an SPN-2 time-of-flight polarized neutron reflectometer, which was transformed to REMUR in 2003.
The (x, y) plane of the sample is vertical, while the (x, z) plane of beam scattering is horizontal. The scheme of the experimental setup is shown in Fig. 2a . The time of flight of neutrons is counted from the moment of the reactor pulse. Thermal neutrons after passing the moderator (M) are polarized by a curved FeCo mirror polarizer (P) with a length of 5 m. The curvature radius of the polarizing neutron guide is 1 km, which determines the minimum neutron wavelength as 1.0 Å. The cross section of the polarized neutron beam at the output of the polarizer is 2.5 (horizontal) × 60 (vertical) mm 2 . The polarization of the beam before the sample is reversed by a nonadiabatic spin-flipper (SF1) of thee Korneev type [23, 24] . The sample (S) is placed between the poles of an electromagnet (EM). The magnetic field can be rotated in the (y, z) plane within an angle range of 0°-90°. A second adiabatic radio-frequency spin-flipper (SF2) [25] with a diameter of 100 mm is used to reverse the scattered-( ) 2 and with a spatial resolution of 1.5 mm [26] . The time between the reactor pulse and the moment of the registering of neutrons by the detector is the neutron time of flight between the moderator and the detector (time of flight base). The distance between the moderator and the sample is 29 m. The detector was placed in two positions: at distances of 3 and 8 m from the sample. The width of the reactor pulse is 320 μs, which determines the neutron-wavelength resolution of the reflectometer as 0.02 Å for a time of flight base of 37 m. The polarizing efficiencies of the polarizer and the analyzer were determined by the 3P2S (3 polarizers and 2 spin-flippers) method [27] [28] [29] . Figure 2b shows the efficiencies of the polarizer (curve 1) and the analyzer (curve 2) depending on the neutron wavelength. The analyzer efficiency is quite high over nearly the entire spectrum, while the polarizer efficiency considerably decreases at large wavelengths. The decrease in the polarizing efficiency is explained by the reflection of long-wavelength neutrons with opposite spin from the TiGd absorption layer [30] . Some parameters of the old SPN-2 reflectometer can be found in the description of the new REMUR reflectometer in [27] .
4. ENHANCEMENT OF THE POLARIZING EFFICIENCY In the experiment with a polarizer, two spin-flippers (placed before and after the sample) and an analyzer, the detector records the count of neutrons for the states on and off of each spin-flipper. The neutron count rate of the detector can be represented as the following [27] : (4) where I 0 is the initial beam intensity; indices i and j designate the states on and off of the spin-flippers, respectively; A, F, and P designate the impact matrices of the analyzer, spin-flipper, and polarizer, respectively. (5) where P a and P p are the polarizing efficiencies of the analyzer and polarizer, respectively; (2f -1) is the effi-
A F P ciency of the spin-flipper in the on state. In the spinflipper off state, the parameter f is zero. The matrix R is the sample reflectivity matrix. Its matrix elements are R j, i , where j and i are "+" or "-", which correspond to the probability of neutron reflection with or without spin flip. The right index refers to the initial spin state, the left index, to the final spin state. The bra-kets = (1, 1) and | = stand for the classic two-dimensional bra-and ket-vectors, respectively. Relation (4) gives four equations. One of them for both spin-flippers in the on state has the following form: (6) where P fa = P a (2f 2 -1) and P fp = P p (2f 1 -1) . Three other equations are derived from (6) by equating one of f i or both of them to zero. The system of these equations has the form:
( 
So, the four reflectivities , , , and for reflection from the magnetized film can be extracted from the four intensities of the reflected beams [27] [28] [29] ( , , , and ), if the detector overlaps all reflected beams with and without spin flip.
If the sample is absent, the matrix R in (4) can be replaced with the unit matrix. Then system (7) after substitutions and gives the system of equations (8) to determine the four parameters , , , and
To separate the polarizing efficiencies and , a magnetic mirror, magnetized to saturation collinearly to the external field, is used. In this case, the nonspin-flip reflectivities differ from each other and are not equal to zero, while the spin-flip reflectivities are equal to zero ( and ). Substituting these reflectivities and the values of and found from equations (8) into (7), we can find parameters and . To determine the reflectivities and , we have to find the parameter from system (8) and substitute it into system (7).
Hereinafter (for simplicity) we will assume and . Then, P fa = 1, P fp =P p , so, system (7) takes the following form: (9) In this case, the four equations are split into two systems of two equations. For example, the solution for the spin-flip reflectivities has the form: (10) (11) For the reflectivity, the term is the required signal, while is background. To reduce the contribution of background, we can increase the efficiency of polarizer up to 1. Another way is to suppress the parasitic background intensity by using the nonspecular reflection region. Figure 3 demonstrates the results of measurements in the specular (Fig. 3a) and nonspecular ( Fig. 3b ) regions for the case when an external magnetic field of 3.5 kOe is parallel to the sample surface and, thus, is collinear to the film magnetization. In Fig. 3a , the "+-" reflectivity is shifted by -0.5 for clarity. In Fig. 3b , the "++" reflectivity is shifted by +1.0; the "-" reflectivity, by +0.5; and the "+-" reflectivity, by -0.5. In such collinear geometry, the spin-flip reflectivities must be equal to zero, so neutrons must be lacking in the nonspecular reflection region. The sample was a thin magnetic film on glass, Co(700 nm)/glass (substrate), with sizes 100(along the beam) × 50(height) × 5(substrate thickness) mm 3 . The grazing angle of the incident beam is θ 0 = 0.21°. It is seen that in the specular region, those are the only spin-flip reflectivities that are equal to zero ( ), while in the nonspecular region (Fig. 3a) , all reflectivities are equal to zero:
. Figure 4 shows the statistical error ( ) for the reflectivity in the specular (line) and nonspecular (dots) regions as a function of the neutron wavelength. In general, the statistical error for the reflectivities is determined by the statistical error for the neutron counting of all four modes of measurement: (off, off), (on, on) (off, on) and (on, off). The main contribution to the statistical error for the reflectivity can be estimated from formula (11):
Here, and are the statistical errors for the neutron intensity of the corresponding modes of measurement. One can see that the statistical error in 
on off p
on on p If an external magnetic field is applied at an angle of α = 80° to the sample plane, the system becomes magnetically noncollinear. In this case, nonspecular reflection with spin flip can occur. Figure 5 shows a two-dimensional map of the neutron intensity as a function of the neutron wavelength and the grazing angle of the scattered beam. The grazing angle of the incident beam is θ 0 = 0.21°. The solid lines at angles of +0.21°, 0°, and -0.21° correspond to the specularly reflected beam, the horizon (sample plane), and the direct beam direction. In the case of a weak external magnetic field (220 Oe), there is virtually no beam splitting in the off, on (Fig. 5a ) and on, off (Fig. 5b) modes. In a strong field (3.5 kOe), the beam splitting in the off, on (Fig. 5c) and on, off (Fig. 5d) modes is clearly seen.
In Fig. 6 , the reflected neutron-beam intensity summarized over a neutron wavelength range of 2.55-6.67 Å is presented as a function of the grazing angle of the reflected beam. The grazing angle of the incident beam is θ 0 = 0.21°. Figure 6a shows the angular distribution of the reflected-beam intensity for a strong collinear field of 3.5 kOe and for a weak noncollinear field of 220 Oe. Figure 6b demonstrates the angular distribution of the reflected beam intensity for a strong noncollinear field of 3.5 kOe. The open circles refer to the on, off mode; open triangles, to the off, on mode. The closed circles refer to the on, off intensity in a parallel field of 3.5 kOe. The intensity of neutrons in a parallel field of 3.5 kOe in the off, on mode is approximately equal to the intensity in the on, off mode. It is not shown in Fig. 6b so as not to overload the figure.
In collinear geometry, neutron spin flip does not occur as neutrons are reflected from the sample: and . Therefore, the 0 R R Fig. 3 . Experimental reflectivities as a function of the neutron wavelength for a Co(70 nm)//glass film in an external magnetic field of 3.5 kOe applied parallel to the sample plane: (a) in the specular reflection regions "+ +", "--", "-+", and "+ -" (with a shift by -0.5 along the vertical axis for clarity); (b) in the nonspecular-reflection regions: "+ +" (shift by +1.0), "--" (shift by +0.5), "-+", and "+ -" (shift by -0.5). intensity in the off, on mode is not associated with reflection from the sample and is determined only by an imperfect polarizing efficiency of the polarizer and analyzer. One can consider that this neutron intensity in a parallel field is the polarizing background for the intensity with neutron spin flip in the tangential field. In a weak inclined field of 220 Oe (Fig. 6a) , angular splitting is weak and the effect/background ratio is 1.8 at a peak maximum in the specular-reflection region. In a strong inclined magnetic field (Fig. 6b) , the maximum effect/background ratio in the nonspecularreflection region changes from 10 to 20. So, the effect/background ratio in the nonspecular-reflection region increases tenfold as compared with that in the specular-reflection region. In the off-specular reflection region at θ > θ 0 (Fig. 7c), we have , , and . In the neutron wavelength range from 8 to 10 Å, the average absolute value of the degree of polarization is . In the nonspecular region at θ < θ 0 (Fig. 7d) , we obtain , , and . In the neutron wavelength range from 6 to 8 Å, the average degree of polarization is . One can see that the degree of polarization of the neutron beam with spin flip in the nonspecular-reflection region is close to 1. The degree of polarization of the incident beam with a neutron wavelength of λ > 5 Å is . It means that the effect of spatial beam splitting improves the polarizing efficiency of the polarizer.
To estimate the quality of polarization for the experiment with polarized neutrons, it is necessary to
calculate the factor or , where P is the polarizing efficiency, I is the neutron intensity after the polarizer, and R is the reflectivity of the polarizer. The minimum time of measurement at a fixed statistical error is attained at the maximum factor or . Standard polarizers based on supermirrors have a reflectivity of about R = 0.95. The polarizing efficiency decreases as the neutron wavelength grows. This is associated with worse absorption of the "-" component of the neutron beam in the absorption layer. For example, the polarizing efficiency of a fantype multislit analyzer [31] is 0.95 for a neutron wavelength of 3 Å, 0.90 for 5 Å, 0.85 for 7 Å, and 0.80 for the wavelength range 8-10 Å. For the polarized "+-" beam in Fig. 7b at a neutron wavelength of 7.2 Å, we can see that R = 0.6 and, correspondingly, in Fig. 7d , P = 0.97. Thus, . The corresponding factor for the supermirror at a wavelength of 7 Å is . For the "+-" beam at a neutron wavelength of 9.5 Å, we have R = 0.53 
( Fig. 7a) and P = 0.94 (Fig. 7c) . The factor P 2 R = 0.94 2 × 0.53 = 0.47. The corresponding factor at 9.5 Å for the supermirror is P 2 R = 0.80 2 × 0.95 = 0.61. One can see that the factor for the supermirror is greater than that for beam splitting; however, this difference is not so great for long neutron wavelengths. When studying the effects with a low neutron spin-flip probability, when the spin-flip signal is close to background, a higher degree of polarization may prove to be more important than low reflectivity. In this case, beam splitting may prove to be more efficient than a supermirror polarizer. A polarizer based on spatial beam splitting can also be used as a monochromator with adjustable wavelength band [32] .
NEUTRON STANDING WAVES
Let us apply the spatial beam splitting effect for physical research, in particular, to observe neutron standing waves with the help of neutron spin flip in a magnetically noncollinear layer [33] . Neutron standing waves with neutron spin flip have been used to study magnetic films [34] .
The principle of neutron standing waves is shown schematically in Fig. 8 . The sample is a thin film of Ti(30 nm)/Co(6)/Ti(200)/Cu(100)//glass(substrate). The optical potential of neutron-matter interaction has the shape of a potential well (Fig. 8a) . Neutrons tunnel through the upper thin Co layer and are reflected from the lower Cu layer. The neutron wave function density in the Ti (200 nm) interlayer is resonantly enhanced due to multiple neutron reflection from the lower and upper layers with a high potential. The conditions of resonance are defined by the following phase relation:
where is the component of the wave vector inside the Ti (200 nm) resonant layer, perpendicular to the sample surface; d = 200 nm is the Ti resonant-layer thickness; and are the amplitudes of neutron reflection inside the Ti layer from the upper (tunneling) Co layer and from the lower Cu layer (reflector), respectively; n = 0, 1, 2, etc. are the resonance orders. Figures 8b and 8c show the calculated neutron wave function density along the z coordinate for different grazing angles of the incident beam for "+" spin and "-" spin, respectively. A fixed wavelength is 4 Å .  Figures 8c-8g show the neutron wave function density for the "+" spin state in a resonator depending on the z coordinate for the resonance orders n = 3, 4, 5, and 6. One can see 4, 5, 6, and 7 maxima, respectively.
In Fig. 9a , the neutron wave function density summarized over the z coordinate for "+" spin neutrons (curve 1) and for "-" spin neutrons (curve 2) is presented as a function of the grazing angle of the incident beam. One can see the maxima corresponding to the resonance orders n = 3, 4, 5, 6. The neutron wave function density for the "+" spin is much higher than for the "-" spin. It is related to the fact that the optical potential of the Co layer is much higher for the "+" spin than for the "-" spin, as is shown in Fig. 8a .
The calculated reflectivities in an external magnetic field (150 Oe) parallel to the sample surface are shown in Fig. 9b . Curve 1 corresponds to the "++" spin transition, while curve 2, to the "-" spin transition. In this case, the reflectivities with "+-" and "-+" spin flips are equal to zero. The minima on the total reflection plateau of the non-spin-flip reflectivities and correspond to an increase in neutron absorption in the resonant layer, when standing waves are formed. Figure 9c demonstrates the calculated reflectivities (curve 1) and (curve 2) for an external magnetic field (150 Oe) applied at an angle of 80 ○ to the sample surface. The minima of the nonspin-flip reflectivity appear due to neutron spin-flip processes that increase when neutron standing waves are formed. They correspond to the maxima of the spin-flip reflectivity.
An experiment was carried out using the SPN-2 polarized neutron reflectometer. The sample Ti(30 nm/ Co(6)/Ti(200 )/Cu(100)//glass(substrate) had dimensions of 100 × 50 × 5 mm 3 . An external magnetic field was applied at an angle of 80° to the sample surface to create magnetic noncollinearity with to the aim of providing neutron spin flip. The sampledetector distance was 3 m, the grazing angle of the incident beam was θ 0 = 0.18° with the divergence δθ 0 = 0.05°. More detailed information on the experiment can be found in [33] . Figure 10 shows the neutron intensity as a function of the wavelength for two values of the applied magnetic field and for two modes of measurement. Figures 10a and 10b correspond to an applied field of 6.75 kOe and to the nonspecular reflection region; Figures 10c and 10d , to a field of 150 Oe and to the specular reflection region. Figures 10a  and 10c correspond to the on, off mode; Figures 10b  and 10d , to the off, on mode. Open symbols refer to the inclined external magnetic field; closed symbols, to a field of 4.6 kOe applied parallel to the sample plane. When the applied magnetic field is parallel to the sample plane, the system is magnetically collinear and the spin-flip reflectivities are equal to zero.
Thus, the neutron intensity in a parallel magnetic field (closed symbols in Fig. 10 ) is background because of the imperfect polarizing efficiency of the polarizer (mainly) and the analyzer. In Fig. 10a , one can see the intensity maxima for resonances with n = 3 and n = 4 in the nonspecular-reflection region. For the resonance with n = 3, the effect is 0.03 count/s and the background is 0.005 count/s. Then the effect/background ratio is 0.3. The same calculations can be made for the resonance with n = 4. For a weak field (Fig. 10c) , we have the effect/background ratio 0.03/0.15 = 0.2. For a strong field in the nonspecular- (Fig. 10a) , the effect/background ratio is 0.012/0.003 = 4.0, which is 20 times as much as the ratio for a weak field in the specular-reflection region. Fig. 10b shows the resonances with n = 5 and n = 6 in the off, on mode for a strong applied field. The resonances with n = 3 and n = 4 are lacking because of the restriction due to changes in the Zeeman energy upon neutron spin flip with the "+-" reflection, as is shown in Fig. 5c .
It is demonstrated that in the nonspecular-reflection region in a strong applied magnetic field, the neutron spin-flip probability decreases approximately to one third; however, the background is reduced to almost one hundredth. Therefore, the effect/background ratio increases approximately twentyfold. 
6. CONCLUSIONS An experimental study of Zeeman spatial neutron beam splitting as neutrons are reflected from a uniformly magnetized thin film was carried out. A strong external magnetic field was applied at an angle to the sample plane. Zeeman spatial beam-splitting effect consists in the spatial separation of neutron beams of the defined spin-flip transitions: "-+" and "+-". This means that theoretically, in the nonspecularreflection region, the neutron beam is fully polarized and the parasitic background (neutrons of other spin states) is lacking. This property can be used to design a simple polarizer with a theoretical polarizing efficiency of 100%. Such a method based on spatial beam splitting was suggested to polarize a monochromatic beam using a magnetic film placed in a strong inclined magnetic field [35] . In this paper, it is experimentally shown that for long neutron wavelengths within of the range 8-10 Å the polarizing efficiency reaches a value of 0.97. It is higher than a value of 0.8 typical of the polarizing efficiency of standard supermirrors for these neutron wavelengths. Despite the fact that the spin-flip reflectivities in the polarizer based on spatial neutron splitting are lower, the factor is comparable to that of supermirrors for long neutron wavelengths. In particular cases, a high degree of polarization at a lower intensity and low background can prove to be a more effective factor than a more intense beam at a lower degree of polarization and high background.
Such a case was demonstrated experimentally. Neutron standing waves in a planar waveguide with a magnetic layer were observed by using neutron spin flip in this magnetic layer. External magnetic field (strong and weak) was applied at an angle to the sample plane. The effect/background ratio at spatial beam splitting proved to be twentyfold greater in a strong magnetic field than in the specular-reflection region in a weak external magnetic field.
Zeeman beam splitting can be observed not only in a strong inclined external magnetic field which may change the sample magnetic state. It is also possible to registrate the spatial beam splitting in a weak external magnetic field applied parallel to the sample plane, if the sample contains inhomogeneities with strong magnetization, for example, magnetic domains [11] or clusters [16] .
